Changes over time in the presenting features and clinical course of patients with primary biliary cholangitis are poorly described. We sought to describe temporal trends in patient and disease characteristics over a 44-year period across a large international primary biliary cholangitis cohort of 4,805 patients diagnosed between 1970 and 2014, from 17 centers across Europe and North America. Patients were divided into five cohorts according to their year of diagnosis: 1970-1979 (n 5 
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Changes over time in the presenting features and clinical course of patients with primary biliary cholangitis are poorly described. We sought to describe temporal trends in patient and disease characteristics over a 44-year . Age at diagnosis, disease stage, response to ursodeoxycholic acid, and clinical outcomes were compared. Mean age at diagnosis increased incrementally by 2-3 years per decade from 46.9 6 10.1 years in the 1970s to 57.0 6 12.1 years from 2010 onward (P < 0.001). The female to male ratio (9:1) and antimitochondrial antibody positivity (90%) were not significantly variable. The proportion of patients presenting with mild biochemical disease (according to Rotterdam staging) increased from 41.3% in the 1970s to 72.2% in the 1990s (P < 0.001) and remained relatively stable thereafter. Patients with a mild histological stage at diagnosis increased from 60.4% (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) to 76.5% (1990-2014) (P < 0.001). Correspondingly, response to ursodeoxycholic acid according to Paris-I criteria increased; 51.7% in the 1970s and 70.5% in the 1990s (P < 0.001). Recent decades were also characterized by lower decompensation rates (18.5% in the 1970s to 5.8% in the 2000s, P < 0.001) and higher 10-year transplant-free survival (48.4%, 68.7%, 79.7%, and 80.1% for each respective cohort; P < 0.001). Conclusion: In recent decades, a pattern of primary biliary cholangitis presentation consistent with an older age at diagnosis alongside reduced disease severity has been noted; the observed trends may be explained by an increase in routine testing of liver function and/or a changing environmental trigger. (HEPATOLOGY 2018; 67:1920 -1930 ). P rimary biliary cholangitis (PBC) is a chronic autoimmune liver disease characterized by inflammation and destruction of the small intralobular bile ducts. (1) (2) (3) The disease mainly affects middle-aged women and has a slow, progressive course that may lead to fibrosis, cirrhosis, and liver failure requiring liver transplantation. The standard treatment for PBC is ursodeoxycholic acid (UDCA) as its long-term use improves liver biochemistry, delays histological progression, and may improve transplant-free survival. (4) (5) (6) However, up to 40% of patients can have an inadequate response to UDCA that is associated with reduced transplant-free survival. (4, (7) (8) (9) Abbreviations: AMA, antimitochondrial antibody; CI, confidence interval; HCC, hepatocellular carcinoma; HR, hazards ratio; IQR, interquartile range; PBC, primary biliary cholangitis; SD, standard deviation; UDCA, ursodeoxycholic acid. PBC is a rare disease, with multiple studies reporting an increase in its incidence and prevalence in recent years. (10) (11) (12) (13) (14) (15) (16) (17) (18) In a systematic review conducted by Boonstra et al., (12) the incidence of PBC varied from 0.33 to 5.8 per 100,000/year, yet its temporal trends are conflicting as some studies suggest an increase, (11, 12) while others do not substantiate this finding. (19, 20) The prevalence ranged from 1.91 to 40.2 per 100,000, and all investigated studies reported an increase. (10) An increase in prevalence impacts how PBC contributes to the health care system and may be a result of multiple societal and disease factors. It is important to note that initial reports of an increasing prevalence began during the off-label use of UDCA period, which suggests that the increased prevalence in the UDCA era may be due to prolonged survival. (11, 14, 16) Correspondingly, the absolute number of liver transplantations for PBC has decreased in Europe and the United States since the introduction of UDCA in the early 1990s. (3, 9, (21) (22) (23) In addition to epidemiological changes, the clinical presentation of PBC has changed over the years. Whereas most patients presented with an advanced histological stage in earlier decades, nowadays most patients present during an asymptomatic stage. (24, 25) Therefore, the underlying assumption that PBC, as a disease, is a static entity may not be accurate. We used a representative large cohort of patients with PBC to assess how disease presentation and prognosis have changed over the last nearly 50 years. In doing so, we provide long-term insight into the changing nature of PBC in clinical practice. previous publications. (26, 27) The database comprises long-term follow-up cohorts from 17 centers across North America and Europe. UDCA-treated and nontreated patients aged 18 with an established PBC diagnosis from 1970 to 2014, according to internationally accepted guidelines, were included in the study. (3, 28, 29) Patients with either a short follow-up (<6 months), an unknown date of important clinical events, an overlap syndrome, or another concomitant liver disease were excluded. Completeness and accuracy of the database were established through visits to individual centers. This study was conducted in accordance with the 1975 Declaration of Helsinki. The protocol was approved by the institutional research board of the corresponding center and at all participating centers per local regulations.
DATA COLLECTION
In the established database, study entry (baseline) was the date of UDCA therapy initiation or the date of first visit for nontreated patients. The following demographic and clinical data were available at study entry: sex, date of birth, date of diagnosis, antimitochondrial antibody (AMA) serological status, liver histology, biochemical disease stage, and UDCA therapy (if received and dosage). In addition, the following laboratory values were available at study entry and every 6-12 months until the end of follow-up: alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, total bilirubin, albumin, and platelet count. Histology was considered if the liver biopsy was completed within 24 months of diagnosis date and dichotomized according to Ludwig et al.'s (30) and Scheuer's (31) classification, specifically as mild (stages I and II) and advanced (stages III and IV). The Rotterdam criteria were used to determine patients' biochemical stage. According to these criteria, mild stage is defined as normal bilirubin and albumin, moderate stage is defined as abnormal bilirubin or albumin, and advanced stage is defined as abnormal bilirubin and albumin. (9, 32) Baseline aspartate aminotransferase/ platelet ratio index, an independent predictor of transplant-free survival, was calculated to stratify patients at risk of liver transplantation and death based on a threshold of 0.54. (33) The first occurrence of hepatic decompensation (ascites, variceal bleeding, or hepatic encephalopathy), hepatocellular carcinoma (HCC), liver transplantation, or all-cause mortality was also retrieved.
In patients who received therapy, biochemical response to UDCA was determined according to Barcelona, Paris-I, Rotterdam, Toronto, and Paris-II criteria. (7) (8) (9) 34, 35) In addition, the GLOBE score was compared to age-specific thresholds to determine UDCA response. (26) Patients were considered responders if their GLOBE score did not surpass their age-specific threshold.
STATISTICAL ANALYSIS
Patients diagnosed between 1970 and 2014 were divided into five cohorts according to their year of diagnosis: 1970-1979, 1980-1989, 1990-1999, 2000-2009 , and 2010. To compare patient and disease characteristics across the five cohorts, we conducted chi-squared tests for categorical variables and analyses of variance for continuous data. P < 0.05 was considered significant for all statistical analyses. Significant results were further analyzed to correct for any possible confounding variables and to assess the influence of other explanatory variables on the outcome measure. A multivariable logistic regression was applied to binary outcomes, such as biochemical response to UDCA, biochemical disease stage (moderate and advanced disease stage grouped as advanced), and histological stage (odds ratio with 95% confidence interval [CI]).
For time-to-event analyses, patients diagnosed from 2010 onward were excluded due to a shorter follow-up period than the other cohorts. Patients without an event and those who were lost to follow-up were censored at their last visit. The rates of hepatic decompensation, HCC, and liver transplant-free survival were assessed by Kaplan-Meier estimates and compared across decades using the log-rank test. If decompensation occurred within the first year of study entry, the patient was excluded from the time-to-event analysis for decompensation. Transplant-free survival of the PBC population was also compared within each decade to an age-and gender-matched Dutch population. These outcomes were also estimated by Cox proportional hazards' modeling (hazards ratio [HR] with 95% CI).
Demographic and clinical characteristics are presented as count (percentage) for categorical data and mean 6 standard deviation (SD) for continuous variables. Laboratory values are presented as median (interquartile range [IQR] ). Data that were not normally distributed were log-transformed for the analyses. All analyses were two-sided and were performed using IBM SPSS Statistics for Windows, version 24.0 (IBM Corp., Armonk, NY).
Results

STUDY POPULATION CHARACTERISTICS
A total of 4,805 PBC patients, diagnosed between 1970 and 2014, were included and divided into five cohorts according to their year of diagnosis (Table 1;  Supporting Table S1 To consider this variation, all analyses were repeated in a subgroup of patients (n 5 3,518) with a maximum 2-year lag between diagnosis and study entry, which included 14%, 29%, 76%, 93%, and 100% of patients from the main analysis in each respective cohort (Supporting Table S2 ).
AGE AND SEX TRENDS
The mean age at diagnosis increased incrementally from 46.9 6 10.1 years in the 1970s to 57.0 6 12.1 years from 2010 onward (P < 0.001) (Fig. 1A) . This trend was consistent across center, sex, and biochemical disease stage (Supporting Fig. S1A-C) . The effect of calendar time on the increase in age at diagnosis remained significant (P < 0.001) after correcting for sex (Supporting Table S3 ). Furthermore, the age distribution of patients notably changed over the investigated decades (P < 0.001) (Fig. 1B) . The proportion of patients aged 50-59 years at diagnosis remained 
k Biochemical disease stage classification according to Rotterdam criteria (9) was available in 2,958 (61.6%) patients. ¶ Histological disease stage at diagnosis according to Ludwig et al. (30) and Scheuer (31) classification was available in 2,217 (46.1%) patients. # UDCA therapy status was available for 4,727 patients (98.4%). Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; APRI, AST to platelet ratio index; AST, aspartate aminotransferase; LLN, lower limit of normal; ULN, upper limit of normal.
relatively stable across the years, whereas the proportion of patients <50 years of age decreased and that of patients 60 years of age increased. There was no significant temporal trend in the female to male ratio, which remained approximately 9:1 (Table 1) .
LIVER BIOCHEMISTRY AND SEROLOGICAL STATUS
The proportion of patients who were AMA-positive did not significantly differ across the investigated decades (Table 1) . Median alkaline phosphatase and bilirubin values (times the upper limit of normal) at study entry decreased, while circulating platelet counts were noted to increase (P < 0.001), which collectively suggests a less advanced disease stage. The proportion of patients with alkaline phosphatase values <2 times the upper limit of normal increased gradually from 30.0% in the 1970s to 63.1% from 2010 onward (P < 0.001) (Fig. 2A) . The proportion of patients with normal serum bilirubin concentrations also increased from 51.1% in the 1970s to 77.6% in the 1990s, after which it remained relatively stable (P < 0.001) (Fig. 2B) . Furthermore, a reduced percentage of patients with aspartate aminotransferase/platelet ratio index >0.54 at study entry was observed (Table 1) .
TRENDS IN BIOCHEMICAL AND HISTOLOGICAL DISEASE STAGE
There was a gradual increase in the proportion of patients presenting with a mild biochemical disease stage from the 1970s to 1990s and remained stable thereafter (P < 0.001) (Fig. 2C) . In a multivariable logistic regression, calendar time was a significant predictor for biochemical disease stage (P < 0.001) after adjusting for sex and age at diagnosis. Earlier decades were associated with an advanced biochemical disease stage.
Out of 2,831 patients who underwent liver biopsy at diagnosis, 2,217 patients had histological disease stage available and were included in a subgroup analysis that combined cohorts due to the limited number of biopsies in the first and last cohorts. There were 326 biopsies from 1970 through 1989, 948 biopsies from 1990 through 1999, and 943 from 2000 through 2014. The proportion of patients with a mild histological stage (I or II) at diagnosis increased with time (Table 1 and Fig. 2D ). In a multivariable logistic regression, calendar time was a significant predictor for histological stage after adjusting for sex and age at diagnosis (P < 0.001).
TRENDS IN UDCA RESPONSE RATES
The proportion of patients who ever received UDCA increased across the investigated decades (P < 0.001) ( Table 1 ). In patients who received UDCA, the median number of years between diagnosis and the start of UDCA therapy decreased across the respective cohorts UDCA received by patients across the five respective cohorts increased: 9.4 mg/kg/day (IQR 8.5-11.0), 10.0 mg/kg/day (IQR 8.7-13.7), 12.2 mg/kg/day (IQR 9.2-14.7), 13.5 mg/kg/day (IQR 11.1-15.3), and 13.3 mg/kg/day (IQR 11.1-15.1).
The proportion of UDCA responders according to Paris-I, Toronto, Paris-II, Rotterdam, and GLOBE score criteria increased over the investigated decades (P < 0.001) but not that according to Barcelona criteria ( Fig. 3 ; Supporting Table S4 ). Importantly, this trend remained true in patients who did not meet the individual criteria at baseline (Supporting Table S5 ). In a multivariable logistic regression, calendar time was not a significant predictor for UDCA response according to Paris-I criteria (Table 2) . Response was associated with an increased age at diagnosis and lower alkaline phosphatase and bilirubin levels (P < 0.001).
Additionally, calendar time was also not a significant predictor for UDCA response according to Toronto, Paris-II, Rotterdam, and GLOBE score criteria (results not shown).
DECOMPENSATION, HCC, AND TRANSPLANT-FREE SURVIVAL
The 10-year incidence rate of hepatic decompensation (ascites, variceal bleeding, or hepatic encephalopathy, whichever came first) decreased over time: 18.5% in the 1970s, 13.7% in the 1980s, 8.5% in the 1990s, and 5.8% in the 2000s (Fig. 4Ai) . All pairwise comparisons were significantly different, except the difference between the 1970s and 1980s cohorts (P 5 0.45). In a multivariable Cox regression, a temporal trend of lower decompensation risk was observed after adjusting (9) : mild (normal albumin and bilirubin), moderate (abnormal albumin or bilirubin), advanced (abnormal albumin and bilirubin). (D) Percentage of patients corresponding to each histological stage at diagnosis according to Ludwig et al.'s (30) and Scheuer's (31) classifications: mild (stages I and II) or advanced (stages III and IV). Abbreviations: ALP, alkaline phosphatase; ULN, upper limit of normal.
for sex and age at diagnosis (Fig. 4Bi) (P 5 0.07). Calendar time as a continuous variable was a significant predictor for hepatic decompensation (HR, per 10-year increase, 0.57; 95% CI 0.44-0.75; P < 0.001).
The 10-year HCC incidence rates across the investigated decades were 10.3%, 4.0%, 2.1%, and 2.3%, respectively (Fig. 4Aii) . The Kaplan-Meier estimate of cumulative HCC incidence was significantly higher in the 1970s compared to the 1980s (P 5 0.01), 1990s (P < 0.001), and 2000s (P < 0.001). In a multivariable Cox regression, calendar time was not a significant predictor for HCC risk (P 5 0.68) after adjusting for sex, age at diagnosis, and UDCA treatment (Fig. 4Bii) .
The 10-year liver-related death rate decreased from 1970 through 2009: 34.6%, 13.2%, 5.6%, and 6.4% (P < 0.001). Furthermore, the 10-year transplant-free survival rate improved over the four respective investigated decades: 48.4%, 68.7%, 79.7%, and 80.1% (Fig.  4Aiii ). There was a significant difference in transplantfree survival between the 1970s and 1980s (P < 0.001) and between the 1980s and 1990s (P < 0.001). However, the transplant-free survival rates between the 1990s and 2000s were equivalent (P 5 0.80). In a multivariable Cox regression, calendar time remained an independent predictor of transplant-free survival, and earlier decades were associated with an increased risk for liver transplantation and all-cause mortality ( Fig. 4Biii ; Supporting Table S6 ). Furthermore, the 10-year transplant-free survival of PBC patients has improved even when compared to an age-and gender-matched general population (1970s: HR 5 4.38; 95% CI 3.54-5.43; P < 0.001; 1980s: HR 5 2.90; 95% CI 2.60-3.24; P < 0.001; 1990s: HR 5 2.14; 95% CI 1.94-2.36; P < 0.001; 2000s: HR 5 1.93; 95% CI 1.69-2.21; P < 0.001).
Discussion
In this study of a large, internationally representative cohort of PBC patients, we demonstrate that patients diagnosed in recent decades are older and have a milder disease stage compared to patients diagnosed in earlier decades. In addition, more patients respond favorably to UDCA therapy and have improved transplant-free survival. These results provide unique insight into the possible changing natural history of PBC over the last five decades. It is noteworthy to mention that similar results have been observed in a study from Sweden that included 246 patients diagnosed with primary sclerosing cholangitis between 1984 and 2004. Bergquist et al. reported an increase in age at diagnosis and lower frequency of symptoms in patients diagnosed after 1998. (36) Although some of the observed trends could be potentially attributed to more sensitive AMA tests that *Response rate according to Paris-I is defined as ALP 3 3ULN, AST 2 3ULN, and normal bilirubin after 1 year of UDCA therapy. ALP, alkaline phosphatase; OR, odds ratio; ULN, upper limit of normal.
FIG. 3.
Response rates to UDCA therapy over calendar time.
Response was determined according to various published criteria: Barcelona, Paris-I, Rotterdam, Toronto, Paris-II, and the GLOBE score. (7) (8) (9) 26, 34, 35) Response rates according to all criteria were significantly different over calendar time (P < 0.001), except for Barcelona criteria (P 5 0.19). detect the disease at an earlier stage, we speculate that any changes in AMA testing have not had a major impact in the observed temporal trends. The conventional method of AMA detection is indirect immunofluorescence, yet there has been an increase in enzyme-linked immunosorbent assay-based assays and immunoblotting that have led to greater sensitivity and specificity. (37) These improvements would translate to an increase in the proportion of AMA-positive patients; however, this has remained unchanged.
We demonstrate a 10-year increase in the mean age at diagnosis from 1970 to 2014. A similar increase was reported in a Canadian PBC population, in which prevalent cases in 1996 had a median age of 53, whereas prevalent cases in 2002 had a median age of 57. (18) These numbers coincide with the findings from our study, in which the mean ages at diagnosis in the 1990s and 2000s are 52.8 and 55.0 years, respectively. Furthermore, an increased proportion of patients diagnosed in recent years are over 50 years of age and account for 71.5% of patients diagnosed on 2010 and beyond. Comparable results were found within the UK-PBC cohort, in which 75% of patients prevalent between 2008 and 2010 were over 50 years of age. (38) The increase in age may be attributed to the general aging of the population as the median age in North America and Europe has reportedly increased from 30 in 1970 to 40 in 2015. (39) This represents a 10-year increase over a 45-year period, which is similar to the 10-year increase in age at diagnosis we observed over a 44-year interval. Furthermore, the 34% absolute increase of PBC patients 50 years old and above from 1970 to 2014 was greater than that of the general population, which was only 11% (25% in 1970 to 36% in 2015). (39) The increase in age may also be attributed to differences in the trigger for a PBC diagnosis over the years. Although we are not able to assess the symptoms in our cohort, we speculate that patients in recent decades are predominantly asymptomatic and are therefore diagnosed when they see their physician to undergo routine testing of liver function, which occurs more frequently in older individuals. Conversely, younger patients in earlier decades were more likely to develop symptoms, which led to their diagnoses. (40, 41) Lastly, the increase in age may be disease-specific and represents a shift in the natural history of PBC toward a new older at-risk population, considering that the increase in age was observed irrespective of biochemical disease stage. It can also be speculated that the later onset is a result of a prolonged subclinical disease period and potentially a delayed exposure to an unknown environmental trigger due to temporal changes in lifestyle.
An older age at diagnosis is clinically important because it has been associated with an increased likelihood of meeting Paris-I criteria for response to UDCA. (38) Similarly, we found an older age at diagnosis to be an independent predictor of Paris-I response, yet calendar time was not a significant predictor. These results indicate the increase in age at diagnosis may be an important factor contributing to the increase in UDCA response rather than calendar time itself. Furthermore, the low response rates observed in earlier decades can be a result of inadequate UDCA dosages and the delay in treatment. The importance of an adequate UDCA dosage of 13-15 mg/kg/day has been emphasized in a study that found that 40% of UDCA nonresponders in whom the dosage was increased became responders. (42, 43) In recent decades, Patients present at an older age, yet they have a milder biochemical and histological disease stage. Improved disease severity might be explained by an earlier detection of PBC due to improved disease awareness leading to liver function tests and AMA assays. (44, 45) The histological disease stage at diagnosis has important prognostic implications for UDCA response and survival. Advanced histological stages are associated with an increased risk of treatment failure. (8) In addition, the survival of UDCA-treated patients in stage I/II is similar to that of an age-and sex-matched control population, while the probability of liver transplantation or death is significantly increased in patients with advanced histological stages. (46) Although a decrease in the number of liver transplantations for PBC has been reported over the years, (22) an improvement in transplant-free survival has not been documented. In a Canadian population-based study of patients diagnosed between 1996 and 2002, Myers et al. did not observe a significant difference in survival according to year of diagnosis. (18) The lack of difference in survival may be attributed to the small interval of study, which only spanned 6 years. The reported increase in median age of the general population well reflects an increase in life expectancy over time (39) ; therefore, transplant-free survival of PBC patients was compared to that of the general population. Our study showed that transplant-free survival improved over a 44-year period, even when compared to the general population, and supports its potential role in the increased prevalence of PBC.
The inclusion of a large population of PBC patients from different geographical regions, long-term followup, and broad study period are some of the strengths of our study. However, some limitations need to be considered. First, the 1970s and 1980s cohorts were susceptible to a delay in documentation since study entry can be many years after the date of diagnosis in these cohorts. As such, the difference in years between these two dates was included in all multivariable analyses and we assessed a subgroup of patients with a maximum 2-year difference. The same trends emerged in the subgroup analyses, thus excluding the possibility that the delay in documentation is the reason for an advanced disease in the early cohorts. Second, due to the retrospective nature of the study, biochemical data were not available for all patients and, thus, response to UDCA could not be determined for all patients. To account for missing laboratory values, all analyses were repeated in an imputed data set and revealed similar results. Lastly, the trends observed in our study cohort could not be assessed for correlations with symptom profiles or various environmental factors previously associated with PBC, such as smoking, age at first pregnancy, and the use of hormonal replacement therapy. (47) Even though the trends observed may be due to a selection of patients whose diagnosis is triggered by symptoms or complications in earlier decades rather than routine liver function tests as in recent decades, we describe the presenting characteristics of a typical PBC patient seen by physicians and how they have changed over time. The observed temporal trends warrant further investigation in other PBC populations to determine whether they are universally applicable and to explore the potential influence of a changing environmental trigger.
In conclusion, we demonstrate a 10-year increase in age at diagnosis accompanied by milder disease severity at presentation of PBC patients. These findings provide the most comprehensive evidence of a changing natural history of PBC to date.
